[1] We present the first observations, to our knowledge, of a new class of high-latitude mesosphere-stratosphere-troposphere radar echoes from the E region as observed with the Arctic Lidar Observatory for Middle Atmosphere Research wind radar during the period [2004][2005][2006][2007][2008]. These echoes occur primarily during the summer months and in the altitude range from 93 to 114 km, with a pronounced peak of maximum occurrence at about 100 km. The echoes are rather short with typical durations of ∼20 min, with some examples lasting as long as 3 h. The echoes typically cover only a few hundred meters in the vertical and show both small Doppler velocities (±1-2 m/s) as well as very narrow spectral widths (just a few meters per second when converted to Doppler velocities). The echoes are highly aspect sensitive indicative of a specular-scattering mechanism and reveal a distinct diurnal variation with maxima of occurrence around noon and midnight. The latter is related to the semidiurnal tidal components of the zonal and meridional wind where times of occurrence correspond to large values of corresponding vertical wind shears. Considering possible physical mechanisms, turbulence with large Schmidt number scatter is likely ruled out as is auroral backscatter. Finally, a strong case for a close correspondence of the echoes to sporadic E layers is presented on the basis of comparisons to ionosonde data, occurrence patterns of sporadic layers, simultaneous and common volume lidar measurements of a sporadic Fe layer, as well as simultaneous measurements of sporadic E layers with the European Incoherent Scatter UHF radar at a horizontal distance of 130 km. Applying the theory of partial reflections to the observed electron density gradients, we are able to demonstrate that the observed echo strengths can likely be explained on the basis of this scattering mechanism.
[1] We present the first observations, to our knowledge, of a new class of high-latitude mesosphere-stratosphere-troposphere radar echoes from the E region as observed with the Arctic Lidar Observatory for Middle Atmosphere Research wind radar during the period [2004] [2005] [2006] [2007] [2008] . These echoes occur primarily during the summer months and in the altitude range from 93 to 114 km, with a pronounced peak of maximum occurrence at about 100 km. The echoes are rather short with typical durations of ∼20 min, with some examples lasting as long as 3 h. The echoes typically cover only a few hundred meters in the vertical and show both small Doppler velocities (±1-2 m/s) as well as very narrow spectral widths (just a few meters per second when converted to Doppler velocities). The echoes are highly aspect sensitive indicative of a specular-scattering mechanism and reveal a distinct diurnal variation with maxima of occurrence around noon and midnight. The latter is related to the semidiurnal tidal components of the zonal and meridional wind where times of occurrence correspond to large values of corresponding vertical wind shears. Considering possible physical mechanisms, turbulence with large Schmidt number scatter is likely ruled out as is auroral backscatter. Finally, a strong case for a close correspondence of the echoes to sporadic E layers is presented on the basis of comparisons to ionosonde data, occurrence patterns of sporadic layers, simultaneous and common volume lidar measurements of a sporadic Fe layer, as well as simultaneous measurements of sporadic E layers with the European Incoherent Scatter UHF radar at a horizontal distance of 130 km. Applying the theory of partial reflections to the observed electron density gradients, we are able to demonstrate that the observed echo strengths can likely be explained on the basis of this scattering mechanism.
Introduction
[2] Mesosphere-stratosphere-troposphere (MST) radars which are typically operated at frequencies of about 50 MHz are powerful tools to study the structure and dynamics of the troposphere and lower stratosphere (∼0-20 km altitude) as well as the mesosphere/lower thermosphere (MLT) region [Woodman and Guillen, 1974; Hocking, 2011] . At polar latitudes two main types of echoes have received considerable scientific interest over the past 30 years. These are the so-called polar mesosphere summer echoes (PMSE) which occur during the summer months in the altitude range from 80-90 km (see Cho and Kelley [1993] and Rapp and Lübken [2004] for suitable reviews) and the so-called polar mesosphere winter echoes (PMWE) which primarily (though not exclusively) occur during the winter months in the entire midmesosphere from 55-85 km altitude [e.g., Kirkwood et al., 2002; Zeller et al., 2006] . Both echo types were first discovered in the end of the 1970s by Ecklund and Balsley [1981] and Czechowsky et al. [1979] at high latitudes and midlatitudes, respectively.
[3] PMSE are today known to be closely related to the properties of ice particles which form in the extreme thermal environment of the polar summer mesopause region where mean minimum temperatures of ∼130 K and less are attained [Havnes et al., 1996; Lübken, 1999] . The theory with currently largest acceptance in the community assumes that these echoes originate from neutral air turbulence in combination with a reduced electron diffusivity. The latter is expected due to the presence of charged ice aerosol particles such that structures in the radar refractive index (determined 1 by the electron density at mesospheric altitudes) can exist and prevail at spatial scales of half the radar wavelength such that the condition for Bragg scattering is fulfilled [e.g., Kelley et al., 1987; Cho et al., 1992; Rapp and Lübken, 2003; LieSvendsen et al., 2003; Nicolls et al., 2008; Li et al., 2010; Varney et al., 2011] .
[4] In contrast to the case of PMSE, the physical mechanism leading to PMWE is currently strongly debated. On the one hand, Lübken et al. [2006] , Brattli et al. [2006] , and Lübken et al. [2007] presented results from in situ and radar measurements of turbulence, temperatures, and electron densities within PMWE observed with a 50 MHz radar and showed quantitatively that the studied echoes were consistent with the assumption of Bragg scattering from fluctuations that were directly created by neutral air turbulence as discussed by Hocking [1985] . On the other hand, Belova et al. [2005] presented PMWE with the European Incoherent Scatter (EISCAT) VHF radar operating at 224 MHz and concluded that the echoes observed at this much larger frequency and hence considerably smaller Bragg wavelength (i.e., 67 cm in contrast to 3 m for a 50 MHz radar) were at least 2 orders of magnitude too strong to be explained by a pure turbulence-related scattering mechanism as suggested by Lübken et al. [2006] . Also, Kirkwood et al. [2006] presented PMWE observations with the ESRAD 50 MHz MST radar showing that on some occasions the scatterers responsible for PMWE showed very large horizontal propagation speeds close to the speed of sound. On the basis of these very large velocities, Kirkwood et al. [2006] proposed that PMWE originate from highly damped ion-acoustic waves generated by partial reflection of infrasonic waves. Finally, La Hoz and Havnes [2008] recently presented results of active RF-heating experiments in PMWE and concluded that the observed signatures indicated the involvement of charged nanometer-scale particles much like in the case of PMSE. Since such charged particles of likely meteoric origin have indeed been observed with various techniques in recent years (see, e.g., Friedrich and Rapp [2009] for a recent review), it thus appears likely that charged aerosol particles indeed play some role in the generation of PMWE. However, the details of the scattering mechanism(s) are obviously not yet completely understood and will require more attention in the future.
[5] Besides PMSE and PMWE which are regularly observed with MST radars at polar latitudes, there is one further class of echoes from the polar E region which have, however, only been reported once and appear to have not been observed since these initial observations. These are the observations of Rüster and Schlegel [1999] , who reported echoes at altitudes between 90 and 105 km, observed with the Arctic Lidar Observatory for Middle Atmosphere Research (ALOMAR) SOUSY radar operating at 53 MHz. This is the altitude range where usually only coherent echoes from field-aligned irregularities are expected. Such echoes should not be observable with a vertically pointed MST radar at the polar location of ALOMAR (69°N, 16°E) where the Earth's magnetic field has a declination of 77°. Field-aligned irregularities are generally thought to be caused by the Farley-Buneman and/or gradient drift instability (see, e.g., Haldoupis [1989] for a review). However, after detailed discussion, Rüster and Schlegel [1999] concluded that their observations could not be explained by these mechanisms and that other alternative processes need to be invoked. One such alternative was presented by Robinson and Schlegel [2000] , who proposed a new instability mechanism based on field-aligned electron drifts with additional positive feedback from electron collisional heating. Realizing that their theory predicted, however, only waves in excess of a few tens of meters, Robinson and Schlegel [2000] further speculated about additional nonlinear feedback mechanisms that could possibly shift the the wavelength range of the instability to the required value of ∼3 m. However, since the observations of Rüster and Schlegel [1999] were never repeated such that no additional observational constraints are available, it remains an open question whether or not the mechanisms proposed by Robinson and Schlegel [2000] do occur and lead to detectable radar echoes.
[6] In the current manuscript, we will present echoes from the 95-115 km altitude range observed with the ALWIN MST Radar which is the successor of the ALOMAR SOUSY radar and is also located in the vicinity of the ALOMAR observatory, i.e., at 69°N, 16°E. These echoes are entirely different from the ones reported by Rüster and Schlegel [1999] in that they are extremely narrow in vertical extent (see below). To the best of our knowledge such echoes have never been reported before.
[7] The structure of this article is as follows: In section 2 we briefly introduce the experimental details and then proceed to present typical examples of the observed echoes. Section 3 describes some statistical properties of the echoes as derived from a total of 5 years of observations, i.e., from 2004-2008. This is followed by a detailed discussion of our observations in section 4 in terms of possible scattering mechanisms. These include turbulence-related scatter, scatter from field-aligned irregularities, as well as partial reflections from large electron density gradients related to sporadic E layers. Finally, our main conclusions are presented in section 5.
Observations
[8] The observations described here were obtained with the ALOMAR-wind VHF radar (ALWIN) during the years [2004] [2005] [2006] [2007] [2008] . The ALWIN VHF radar has been described in detail by Latteck et al. [1999] and additional information about the absolute calibration of the radar has been presented by Latteck et al. [2007 Latteck et al. [ , 2008 . In short, the ALWIN VHF radar was a phased array consisting of 144 3-element Yagi antennas which was operated at a frequency of 53.5 MHz and transmitted a peak power of 36 kW with a half power full beam width of 6°. Note that operation of the ALWIN VHF radar already commenced in October 1998, however, it was not until 2004 that the sampled altitude range was extended from 50-94 to 50-114 km (with an effective pulse width of 300 m) in order to search for echoes of the type reported by Rüster and Schlegel [1999] . Further technical details of the radar as well as of the conducted experiments are provided in Table 1 . Observations were sequentially made in the zenith, and pointing to 7 degrees off-zenith toward NW, NE, SE, and SW after which the sequence started from the beginning. As a result, the time resolution of the power profiles presented here is about 3 min (173 s).
[9] Figure 1 shows three examples of observations obtained in May and June 2008. Each of the three panels shows height-time-intensity (HTI) plots of the recorded echo power. In each of the three examples, the ALWIN VHF radar recorded PMSE from altitudes between 80-90 km as expected for this time of the year at the given location (see, e.g., Latteck et al. [2008] for details regarding the statistics of PMSE observed at ALOMAR). Interestingly, ALWIN also recorded an echo at about 75 km altitude at ∼10 UT on 26 May which cannot be interpreted as PMSE unless the thermal structure was very different from its normal state. The average temperature at this altitude is 196 K which is approximately 46 K too warm to allow the existence of ice particles [Lübken, 1999] . Hence, this echo should rather be regarded as a "PMWE-type" echo even though this observation was obviously not obtained under polar winter conditions.
[10] In any case, the echoes of interest here are the ones observed for example at altitudes of 102-106 km from 20:30-22:00 UT on 26 May, at altitudes between 108-112 km from 20:00-21:00 UT on 27 May, and at altitudes of 96-100 km from 00:00-03:00 UT and from 11:00-14:00 UT on 14 June. In all of these examples the echoes are very narrow in vertical extent and cover 3 range gates of 300 m width at most. The echoes are very dynamic in the sense that they change altitude rapidly over time; that is, they show typical descent or ascent speeds of about 1-2 m/s.
[11] In order to scrutinize this behavior further we have also considered corresponding radial velocities and spectral widths (FWHM) derived from these observations. The corresponding results for two examples on 14 June and 5 July are presented in Figure 2 . These samples show that the descent or ascent motion of the echoes with speeds of a few meters per second is quantitatively matched by corresponding radial (vertical since the radar beam was pointed vertically) velocities. We note that 1-2 m/s are typical vertical wind speeds at these altitudes as expected from gravity waves [e.g., Hoppe and Hansen, 1988] . We also note that observed spectral widths are very narrow with values in the range between 1-3 m/s (after conversion to Doppler velocity by multiplication with half the radar wavelength).
[12] Finally, we also considered whether the echoes presented here were also observed in the off-zenith directions when the ALWIN radar beam was pointed to a total of four different off-zenith positions with a zenith angle of 7°. Figure 3 shows corresponding height-time-intensity plots for five different beam directions for the particularly long-duration events on 14 June 2008. While the echoes in the zenith beam are continuously observed for two periods of about 3 h each, no corresponding sign is found in the off-zenith directions. This implies a rather strong aspect sensitivity of the echoes with a lower bound of −23 dB/7 deg or about −3 dB/deg (i.e., the maximum SNR in the zenith is ∼20 dB which drops to the detection limit of about −3 dB in the off-zenith direction). We note that the rather long duration of these events of almost 3 h argues against spatial inhomogeneities as an alternative explanation for the large differences seen between the zenith and off-zenith beam direction.
Statistical Properties
[13] As a next step, we now consider the statistical properties of the echoes introduced above. For this purpose, we considered all ALWIN observations from the beginning of 2004 (when the altitude range was extended to 114 km, see above) to the end of 2008 (after which the radar was replaced by a new instrument). For each day, SNR plots were created and inspected visually to detect E region echoes in the 92-114 km altitude range. An echo was identified as such when part of the echo extended at least 5 dB above the noise level and consisted of several coherent points in order to distinguish them from meteor echoes. When a corresponding echoing structure was identified, an SNR of −3 dB was taken as the minimum SNR to be counted as belonging to an echo region. As a result of this procedure, a total of 59 h of such echoes was detected during all 5 years. Interestingly, the echo occurrence [14] To start with, Figure 4 shows the relative occurrence of echoes (i.e., normalized to 1) as a function of time of year and altitude. Figure 4 reveals both a strong seasonal variation as well as a pronounced altitude variation: The vast majority of events occurs between week 20 and 33, i.e., between mid-May and end of August with only some occasional events outside the summer season in October and January. Versus altitude, the echo occurrence shows a pronounced peak at about 100 km and covers the entire altitude range from 93 to 114 km. [15] Considering next the temporal and vertical extent of the echoes, Figure 5 shows that most of the echoes are rather short lived with durations of less than or equal to 20 min with 90% of all observations revealing durations of less than or equal to 1 h and 20 min. As for the vertical extent, we see that more than 90% cover only one or two range gates of 300 m and no echoes are observed that cover more than three range gates.
[16] Next we turn to the distributions of SNR, radial velocity, and spectral widths. Corresponding results are presented in Figure 6 . Figure 6 reveals that the SNR of the echoes peaks at the smallest values considered and that the relative occurrence of the SNR decreases approximately linearly with increasing SNR in dB. The corresponding histogram for radial (vertical) velocities shows a symmetric distribution around a mean negative velocity of ∼−1 m/s with a FWHM of ∼6 m/s. We argue below that this distribution is likely explained by a mean downward motion owing to the semidiurnal tide with superimposed gravity wave variations leading to both positive as well as negative variations with typical values in the ±3 m/s range. Furthermore, the distribution of spectral widths shows that more than 50% of all observations show extremely narrow spectra with widths of less than or equal to 1 m/s and about 90% with widths of less than or equal to 3 m/s.
[17] Finally, we also considered whether the echo occurrence shows any distinct diurnal variation pattern. For this purpose, the data were binned in 30 min intervals from 0-24 UT and 0.5 km altitude bins from 92 to 114 km. Resulting absolute numbers of echo occurrences are presented in Figure 7 . Surprisingly, Figure 7 shows a distinct semidiurnal variation of the echo occurrence with echoes starting at high altitudes at ∼5 and 17 UT and then propagating downward at a rate of about 0.5-1 m/s. Interestingly, this descent rate of echo occurrence is approximately the same as the average radial velocity of the echoes seen in Figure 6 .
[18] In order to test whether this semidiurnal variation is in any way related to the variation of the semidiurnal tide, we compared the echo occurrence pattern to zonal and meridional wind variations derived from observations with the collocated ALOMAR Meteor radar [e.g., Hoffmann Figure 7 as contours of zonal and meridional wind values from which the mean profiles for this month were subtracted. Even though wind observations and echo occurrences only overlap at the upper edge of the wind observations for a few kilometers, Figure 7 suggests that the echo occurrences follow the phase progression of the semidiurnal tide. Interestingly, we further found that the areas of overlap correspond to times and altitudes of large values in the vertical shear of the zonal and meridional wind (lower panels of Figure 7 ). We will come back to this finding in section 4 where we will discuss possible physical mechanisms explaining our observations.
Discussion
[19] Having described the properties of the observed E region echoes, we now turn to a discussion of their possible physical mechanisms. We start with a quantitative discussion of a potential turbulence-related scattering mechanism similar to the processes leading to PMSE which was proposed by Kelley [2004] to explain so-called long-duration meteor trails. After this, we briefly turn to a discussion of field aligned irregularities from a plasma instability and finally we consider the relation of the observed echoes to sporadic layers and investigate whether the echoes could possibly results from partial reflections from the electron density gradients in very strong sporadic E layers.
Turbulence-Related Scatter
[20] We start with a discussion of a PMSE-like mechanism involving turbulence in connection with a large Schmidt number owing to the presence of charged heavy aerosol particles. Our considerations are motivated by the fact that such a mechanism was invoked to explain a radar observation which was interpreted as an exceptionally longduration nonspecular meteor echo [Kelley et al., 1998; Kelley, 2004] . This echo was observed with the 53.5 MHz CUPRI radar at the Poker Flat Rocket Range and lasted for a total of 10 min. The echo occurred at about 93 km altitude in a 15°off-zenith beam direction and descended to about 91 km during the time of observation. At the same time the echo was not observed in other beam directions indicating its localized nature. Most interestingly, this meteor trail was also traversed by a sounding rocket which provided highresolution electron density measurements from the altitude range of the trail. The corresponding power spectrum extended well to the Bragg wavelength of the CUPRI radar and exhibited all the features that are expected for high Schmidt number scatter. In consequence, Kelley [2004] proposed that the echo was caused by some yet unexplained turbulence which acted on charged dust particles that were directly produced in the ablating meteor train and thereby created small-scale structures at the radar Bragg scale.
[21] In order to investigate whether the same mechanism could also possibly explain the E region echoes presented in the current manuscript, we have calculated absolute volume reflectivities using the scattering theory recently developed by Rapp et al. [2008, equation (2) ] for the case of PMSE. Besides from the turbulent energy dissipation rate and the Schmidt number, the corresponding expression also depends on the electron density and its vertical gradient, the kinematic viscosity of air and the Brunt frequency. An upper limit for the turbulent energy dissipation rate can be estimated from the spectral width estimates of our radar observations using an expression derived by Hocking [1985] . Referring back to Figure 6 , we recall that the majority of observations showed spectral widths of about 1-2 m/s. Using a Brunt frequency of 0.02 s −1 , this corresponds to turbulent energy dissipation rates between 6 and 25 mW/kg. Note that these are upper limits for the actual dissipation rate since effects like beam, shear, and wave broadening as additional contributions to the spectral width have been ignored [Hocking, 1985; Nastrom and Eaton, 1997] . Kinematic viscosities and Brunt frequencies for different altitudes have been calculated using Sutherland's law and densities and temperatures from MSIS [Hedin, 1991] . Finally, electron densities and electron density gradients have been estimated on the basis of IRI-electron density profiles for the month of July and a latitude of 69°. Furthermore, a special case of a strong sporadic E layer (as observed by the nearby EISCAT UHF radar, see Figure 10 below and the corresponding discussion) was considered yielding a very large electron density of 2 × 10 11 m −3 and a corresponding electron density gradient of 2 × 10 8 m −4 . Corresponding results are presented in Figure 8 . Figure 8 shows calculated volume reflectivities as a function of turbulent energy dissipation rate and particle radius r which determines the Schmidt number Sc by means of the simple relation Sc = 6.5 × r 2 where r is given in nanometers [Lübken et al., 1998; Rapp and Lübken, 2003] . The two upper panels show results for an altitude of 100 km with a kinematic viscosity of 56 m 2 /s. Note that the observed SNRs of the echoes roughly correspond to volume reflectivities between 10 −16 and 10
2008]. These calculations show that for a typical energy dissipation rate of 10 mW/kg, a particle radius of 20-25 nm could explain the weakest echoes while 22-35 nm would be needed to explain the strongest ones. We note that such large particles should actually be detectable by lidars, however, to our knowledge such observations have so far not been reported. Also, our calculations show that even much larger particles or much stronger turbulence would be needed at the upper altitudes where the echoes were observed, i.e., at and above 110 km. This is caused by the much larger kinematic viscosity of about 390 m 2 /s which leads to rapid destruction of any small-scale features at these altitudes.
[22] Based on these considerations, we conclude that a turbulence with large Schmidt number related mechanism can likely be excluded as the cause of the here considered radar echoes. Nevertheless, a dedicated sounding rocket experiment to probe these echoing regions in detail like Kelley [2004] would be highly desirable to draw definitive conclusions.
Auroral Backscatter
[23] We next turn to the question whether the observed E region echoes could be caused by plasma instability-type structures caused by auroral activity. At this point it is worthwhile to remember the similarities and differences of the echoes described here and the ones discussed by Rüster and Schlegel [1999] . Both echoes were observed at the same geographical location and hence at almost parallel geometry to the Earth's magnetic field, both echoes showed similar Doppler velocities of just a few meters per second and very narrow spectral widths and were observed in about the same overall altitude range from 90-110 km. However, the distinctive feature between both observations is that the examples shown by Rüster and Schlegel [1999] cover a broad altitude range of up to 15 km while our echoes typically covered only one to two range gates of 300 m each. Nevertheless, all arguments presented by Rüster and Schlegel [1999] against a Farley-Buneman instability or a gradient drift instability as the cause for the observed echoes also apply here and will hence not be repeated in detail. Most notably, the mechanisms stated above should lead to field aligned irregularities that should be invisible to our radar. However, in contrast to this expectation, we did not only observe the echoes at an almost parallel geometry to the geomagnetic field but furthermore observed the opposite aspect sensitivity. This means that in the vast majority of cases (93%) the echoes were only observed in the vertical beam but were not detected in the off-zenith directions in spite of considerable durations of up to ∼3 h hence indicating a large spatial extent of the echoing structures. We hence conclude that our observations can likely not be explained by regular auroral backscatter. We note, however, that we can also not exclude the mechanism(s) proposed by Robinson and Schlegel [2000] . However, our current data- Figure 8 . Theoretical values of the radar volume reflectivity (in m −1 ) as a function of turbulent energy dissipation rate and charged particle radius for different values of the electron density and its vertical gradient and kinematic viscosity. base does not allow us to check their proposal of electron drifts aligned with the geomagnetic field, neither are we in the position to speculate about the additional nonlinear feedback processes that are required in their work to shift the plasma waves into the right wavelength range. This option should be reconsidered once appropriate new data or theoretical results become available.
Partial Reflections From Electron Density Gradients in Sporadic E
[24] Finally, we consider whether the radar echoes presented here are in some way or the other related to sporadic layers, i.e., sporadic metal layers and sporadic E layers which were first observed in ionograms as large localized electron density enhancements and are today known to be layers of metallic ions (see, e.g., Plane [2003] for a review). First of all, we note that the seasonal, vertical, and diurnal occurrence of the E region echoes is very similar to the well known corresponding occurrence of sporadic layers at the same location. For example, Arras et al. [2008] presented global observations of the occurrence of sporadic E layers based on GPS radio occultation measurements with the CHAMP, GRACE-A and FORMOSAT-3/COSMIC satellites and found a strong seasonal variation with maximum sporadic E occurrence in summer in the altitude range from about 90 to 115 km. We note that Haldoupis et al. [2007] have shown that the seasonal variation of sporadic E layers at midlatitudes correlates so well with the seasonal variation of meteoric input, that a cause and effect relationship (via the deposition of metallic ions) seems obvious. Also, Heinrich et al. [2008] recently presented resonance lidar observations of the diurnal occurrence of the closely related sporadic sodium-atom layers, and found that their occurrence was concentrated at times around local midnight, i.e., from 20-02 UT. As indicated above, this is almost exactly the same seasonal, vertical, and diurnal occurrence pattern that we also observe for the E region radar echoes discussed in this manuscript.
[25] Furthermore, we note that the maximum of occurrence of the E region echoes reported here is at the time and altitude of large values of the vertical shear due to the semidiurnal tidal component of the zonal and meridional wind field (see Figure 7) . This fact may suggest a relationship with one of the probable processes for sporadic E generation, i.e., the wind shear mechanism reviewed by Mathews [1998] and recently further discussed by Haldoupis et al. [2004] .
[26] While this wind shear mechanism was originally proposed to explain the occurrence of sporadic E layers at midlatitudes where the Earth's magnetic field has a large horizontal component [Whitehead, 1960] , it has recently been shown by Nygrén et al. [2008] that even a small horizontal component of the magnetic field can be sufficient for the wind shear mechanism to be active. This is also the case for instance at polar latitudes, where it is generally thought that electric fields are mainly responsible for sporadic E generation [e.g., Nygrén et al., 1984; Kirkwood and Nilsson, 2000; Voiculescu et al., 2006; Nygrén et al., 2006] . Using a combination of observations with the EISCAT Svalbard Radar and numerical modeling, Nygrén et al. [2008] were able to demonstrate that depending on the specific situation, sporadic E generation in the polar cap can be mainly attributed to the wind shear mechanism, to the electric field mechanism, or to the combined effect of both.
[27] To compare our results with these published findings and suggested mechanisms, we checked whether the closest ionosonde observations with the Tromsø dynasonde provided evidence for the occurrence of sporadic E layers at the times when E region echoes were recorded with the ALWIN radar at a horizontal distance of about 130 km. Indeed, we found that during the vast majority of our observations, the Tromsø dynasonde did observe sporadic E layers, further supporting the view that the E region echoes were somehow related to sporadic E layers.
[28] In fact, we are able to present further support for this hypothesis in the form of simultaneous and common volume measurements of a sporadic Fe layer with the transportable Fe resonance lidar of the IAP [Höffner and Lautenbach, 2009] and one of the E region radar echoes discussed in this manuscript. The corresponding observations are presented in Figure 9 . Figure 9 shows color-coded Fe number densities according to which a sporadic Fe layer occurred shortly before 22 UT on 7 July 2008. Right at the time when the sporadic layer reached an altitude of about 99 km, the radar echo appeared (red contour lines) and lasted for the next ∼30 min. Note that the lidar measurements also allow us to rule out contributions from Mie scattering by large aerosol particles since the prime purpose of these lidar measurements is to derive temperatures from scanning the iron resonance line at 386 nm. Routinely, this scan is extended far out into the wings of the resonance line where contributions from Mie scattering should be easily recognized [see Höffner and Lautenbach, 2009, Figure 4] . Inspection of the corresponding features for the observations presented here proves that no detectable contribution from Mie scattering owing to the presence of large aerosol particles was observed. This is further support for our earlier statement that turbulence with large Schmidt number scatter can likely be excluded as the cause for the observed MST radar echoes. [29] Finally, we also considered whether direct observations of E region electron densities had been obtained with the EISCAT radars in Tromsø at the times when ALWIN recorded the E region radar echoes. Indeed, such measurements were obtained on 3-5 July 2008 with the EISCAT UHF radar using the "arc-dlayer" experiment [Baron, 1986; Turunen et al., 2002] . This experiment provides electron density profiles in the relevant altitude range at 300 m vertical resolution. An overview of these measurements together with the simultaneously observed E region VHF radar echoes is presented in Figure 10 . This reveals that the E region VHF radar echoes indeed occurred in the presence Figure 10 . Simultaneous observations of electron densities with the EISCAT UHF radar in Tromsø and of E region radar echoes with the ALWIN VHF radar at Andenes (red contour lines), i.e., 130 km apart, on (top) 3 July, (middle) 4 July, and (bottom) 5 July 2008.
of sporadic E layers. However, we also need to consider some obvious differences. First of all, we note that the altitudes and times of the two echo types did not coincide perfectly, as they did in the case of the simultaneous and common volume measurements with the Fe lidar. However, this can probably be explained by the fact that the EISCAT measurements were taken at a horizontal distance of about 130 km such that a perfect match between the EISCAT measurements at Tromsø and the MST radar measurements at ALOMAR can actually not be expected. In addition, we note that the MST radar echoes lasted for considerably shorter times than the sporadic E layers; that is, the MST radar echoes lasted between 15 min and 1 h, while the corresponding sporadic E layers lasted between 1 and 2 h. Despite of these differences, we take these observations as additional support for our hypothesis of a close relation between sporadic E layers and E region MST radar echoes.
[30] So what could be the relation between these two phenomena? First of all, we note that the MST radar echoes can certainly not have originated from total reflection since a plasma frequency of 50 MHz corresponds to an electron density of 3.1 × 10 13 m −3 which is almost 2 orders of magnitude larger than the maximum electron densities observed with the EISCAT UHF radar as presented in Figure 10 . Next, we note that sporadic E-related plasma irregularities as reported for example by Hysell et al. [2009] should lead to field-aligned irregularities and should hence be invisible to our radar (see also the discussion of auroral backscatter above).
[31] Hence, the final possibility that we consider in this study is partial reflections from the electron density gradients in sporadic E layers. Partial reflections have been studied for many years and were successfully shown to account for HF radar echoes [e.g., Thrane et al., 1968 Thrane et al., , 1981 Belrose et al., 1972; Meek and Manson, 1981; Hocking and Vincent, 1982] while it was argued that it is very unlikely that partial reflections could also account for the very strong VHF radar echoes known as PMSE simply because of the much smaller spatial scales involved [Hocking and Röttger, 1997] . However, the latter authors did not consider the very large electron density gradients which could occur in sporadic E layers which could possibly lead to corresponding large changes in the electron density over such small vertical extents of only half a radar wavelength, i.e., only 2.8 m in the case of the ALWIN radar.
[32] In order to test whether the electron density gradients corresponding to the observations shown in Figure 10 could have caused partial reflections that were then recorded by the ALWIN radar, we have followed the derivation of Hocking and Röttger [1997] to calculate the reflection coefficient. This exercise yields
where N e is the electron density and dN e /dz is its vertical gradient. d is the vertical step size over which the electron density change is considered. For the current purpose, we set this to half the radar wavelength, i.e., to l/2 since it was pointed out by Hocking and Röttger [1997] that steps need to be of that size or shorter in order to allow specular reflections to result in detectable echoes. r e is the classical electron radius, and x = 2/l.
[33] As a next step we have derived electron density gradients from the EISCAT measurements of sporadic E layers shown in Figure 10 . This yields values between 1-5 × 10 8 m −4 (or 1-5 × 10 11 m −3 /km). Using this range of values in equation (1), we obtain reflection coefficients between R = 6 × 10 −8 and R = 4 × 10 −7 . So how does this compare to our radar measurements? Again, we follow Hocking and Röttger [1997] according to which volume reflectivities obtained under the assumption of volume scattering instead of partial reflections can be converted to reflection coefficients by means of
where h is the volume reflectivity, L is the radar pulse length, and 1/2 is the half power half width of the radar beam. Using the calibration of the ALWIN radar described by Latteck et al. [2008] , we derive that the SNR values presented in Figure 6 correspond to volume reflectivities between 2.2 × 10 −16 m −1 and 4.4 × 10 −14 m −1 . Using further a pulse length L = 300 m and 1/2 = 3 deg, we see that this corresponds to reflection coefficients between R = 2.6 × 10 −8 and R = 5.2 × 10 −7 . Comparing these values to our theoretical estimates above, we find that the values closely match (see also Figure 11 ). It hence appears that partial reflections can indeed explain the observed MST radar echoes.
Conclusions
[34] In the current manuscript we have presented the first observations, to our knowledge, of a new class of high-latitude MST radar echoes from the E region. During the years 2004-2008 the echoes were observed with the ALOMAR wind radar (69°N, 16°E) during a total of 59 h. The echoes occurred primarily, though not exclusively, Figure 11 . Calculations of reflection coefficients as a function of electron density gradient. Dotted horizontal lines indicate the range of reflection coefficients derived from the ALWIN observations, and the vertical solid lines indicate the minimum and maximum electron density gradients as derived from EISCAT observations of sporadic E layers during ALWIN observations of E region radar echoes.
during the summer months and in the altitude range from 93-114 km with a pronounced peak of maximum occurrence at about 100 km. The echoes were rather short with typical durations of ∼20 min with some examples lasting as long as 3 h. The vertical extent of the echoes typically covered only 1-2 range gates (of 300 m length each) and never exceeded three range gates. SNR varied between −3 dB and +23 dB and analysis of Doppler spectra showed that typical vertical velocities were about ±1-2 m/s with an average downward speed of ∼−1 m/s. Corresponding spectral widths were very small with typical values of just a few meters per second. Also, the echoes appeared to be highly aspect sensitive; that is, only in a few cases echoes were observed in off-zenith directions. In addition, the echoes revealed a strong semidiurnal variation with maxima of occurrence around noon and midnight. In the altitude range of overlap, analysis of zonal and meridional wind measurements with a collocated MF radar revealed that altitudes and times of occurrence corresponded to large values in the vertical shear of the semidiurnal tidal component of the zonal and meridional wind. Considering next possible physical mechanisms, turbulence with large Schmidt number related scatter was likely ruled out, as was auroral scatter. Turning finally to a possible relation of the echoes to sporadic E layers a strong case for their close correspondence could be presented based on comparisons to ionosonde data, occurrence patterns, simultaneous and common volume lidar measurements of a sporadic Fe layer, as well as direct measurements of sporadic E layers with the EISCAT UHF radar at a horizontal distance of 130 km. Applying the theory of partial reflections to the observed electron density gradients, we were able to demonstrate that the observed echo strengths can likely be quantitatively explained on the basis of this scattering mechanism.
[35] For the future, an even stronger case for or against this mechanism should be made by means of real common volume measurements of electron densities and MST radar echoes. This should be possible in the near future making use of the MORRO MST radar which is collocated with the EISCAT VHF and UHF radars [e.g., La Hoz and Havnes, 2008] . Ideally, such new observations should also be designed to identify the cause of the underlying sporadic E layer and clarify whether state-of-the-art theory of these layers can actually explain the very large gradients that apparently cause the E region echoes presented here. Further points for future investigations are the peculiar year-to-year variation seen in the ALWIN data (i.e., a steady increase of observations from 2004 to 2008) as well as a possible latitudinal variation of these echoes since global observations of sporadic E layers from satellites suggest a maximum of occurrence at midlatitudes [Arras et al., 2008] . The analysis of corresponding observations at 55°N using the OSWIN radar at Kühlungsborn, Germany [e.g., Zecha et al., 2003] has just been started and will be presented in a future publication.
